ABSTRACT: A critical overview of the catalytic joining of two different electrophiles, cross-electrophile coupling (XEC), is presented with an emphasis on the central challenge of cross-selectivity. Recent synthetic advances and mechanistic studies have shed light on four possible methods for overcoming this challenge: (1) employing an excess of one reagent; (2) electronic differentiation of starting materials; (3) catalyst−substrate steric matching; and (4) radical chain processes. Each method is described using examples from the recent literature. D riven by an aspiration to avoid the challenges of preformed carbon nucleophiles, catalytic methods to selectively cross-couple two different carbon electrophiles, referred to herein as cross-electrophile coupling (XEC), have recently seen rapid development. The central challenge facing XEC methods is selectivity (Figure 1 ). The two electrophilic starting materials are chemically similar; therefore, both tend to react with a transition-metal catalyst through oxidative addition. This is in contrast to conventional cross-coupling reactions where selectivity is largely engendered by the different reactivity of nucleophiles and electrophiles: nucleophiles react with the catalyst by transmetalation, and electrophiles react by oxidative addition. The purpose of this Synopsis is to introduce the variety of approaches known for the selective joining of two different electrophiles (R 1 -X and R 2 -X, Figure 1 ) using a transition-metal catalyst. The advancement of XEC as a field hinges upon understanding why such reactions are cross-selective. First, a strategy for obtaining high yields without selectivity will be discussed, followed by a discussion of three selectivity models: electronic differentiation of starting materials, catalyst−substrate steric matching, and radical-chain processes.
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The impetus for developing XEC methods arises from the challenges presented by nucleophilic reagents.
1 For example, the most widely used nucleophilic carbon reagents, organoboron compounds, have limited commercial availability compared to halocarbon electrophiles. Additionally, some classes of organoboron reagents are unstable and require special procedures for their use, which ultimately adds steps and time to syntheses. 2 Many organometallic reagents or their precursors require special care to exclude water and dioxygen. Similarly, the inherent reactivity of the reagents (RMgX and RZnX) or additives required to facilitate transmetalation (RB(OR′) 2 and RSiR′ 3 ) place limitations on the use of substrates that have electrophilic functional groups or have acidic protons. Three strategies have been used to alleviate these limitations: (1) use of protected carbon nucleophiles to add stability to these reagents ( Figure 2A) ; 3 (2) one-pot, two- step procedures ( Figure 2B ); 4 or (3) selective in situ organozinc or Grignard reagent synthesis from one organic halide concurrent with cross-coupling to a different organic halide ( Figure 2C) . 4a,5 This last approach uses the same substratestwo electrophilesas XEC but is mechanistically distinct because the reducing agent acts directly upon the substrate rather than the transition-metal catalyst.
The dimerization of electrophiles has been known for over 100 years, 6 −9 yet selective cross-coupling of two different electrophiles has only recently been demonstrated with generality, highlighting the difficulty of suppressing symmetric dimer byproducts. Efforts toward overcoming this challenge began soon after the dimerization reactions were discovered. The Wurtz−Fittig reaction couples alkyl halides with aryl halides through the action of sodium metal and is crossselective in some cases. 10 Major advancements since the 1960s in XEC have come from transition-metal catalysis, wherein most have been electrochemical work.
11 Recent efforts have resulted in the development of new cross-selective methods that use familiar chemical reducing agents. A particular advantage of XEC reactions is excellent functional-group compatibility (e.g., acidic protons, protected and unprotected amines and alcohols, carbonyls, high-valent sulfur, and β-leaving groups, but not easily reduced groups like nitro or azido). The development of a fundamental understanding of how and why XEC reactions are cross-selective is critical to advancing the field; thus, this Synopsis will focus on the different strategies currently used to achieve high yields of product (Figure 3 ).
■ STRATEGIES FOR ACHIEVING USEFUL YIELDS OF
CROSS-COUPLED PRODUCT IN XEC Equal Substrate Reactivity: Employ an Excess of One Reagent. In cases where the starting materials have nearly identical chemical reactivity, developing selective reactions represents a remarkable challenge. Similar reactivity can be used to an advantage: an excess of one reagent can deliver synthetically useful yields of cross-coupled product without any inherent selectivity. For a fully reversible reaction, the maximum yield obtainable can be high (66% for 2:1 ratio, 75% for 3:1 ratio of reactants). 12 For an irreversible reaction, selectivity is higher at first (80% for 2:1, 86% for 3:1) but decreases as the ratio of remaining starting materials changes during the reaction. 13 This strategy can be useful if one electrophile is low-cost or the symmetric dimers can be easily separated, as demonstrated in a recent synthesis of flurbiprofen.
14 A classic example of this challenge is the cross-Ullmann coupling of two different aryl halides to form nonsymmetrical biaryls ( Figure 4A ). Reports with cobalt, 15 nickel, 16 and palladium 17 have been published over the years. In each case, using one starting material in excess resulted in higher yields of cross-coupled product at the expense of larger amounts of symmetric dimer. All possible products were not reported, but the symmetric dimer of the aryl halide used in excess was the major product of these reactions, as expected. Better selectivity and higher yields of the cross-coupled product could be obtained when the substrates were better differentiated, such as the coupling of 2-halopyridines with aryl halides, suggesting a different selectivity mechanism is operative ( Figure 4A ). 18 More recently, Gong published a nickel-catalyzed crossWurtz coupling of two different alkyl halides ( Figure 4B ).
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As noted previously for the dimerization of alkyl halides, 20 the use of tridentate ligands was found to avoid hydrodehalogenation and β-hydride elimination, two major challenges in the cross-coupling of alkyl halides. Crossselectivity proved to be more challenging, and the initial report used a 3-fold excess of one alkyl halide to achieve high yields of cross-coupled product. Studies on the byproducts formed and the time course of the reaction revealed that dimerization of the more reactive alkyl halide was usually the major side reaction and this uneven consumption of starting materials was observed early in the reaction. Selectivity appeared to depend upon subtle differences in the reactivity of the substrates. Furthermore, the role of the excess alkyl halide was also complex. For example, 1-bromo-3-butene provided higher yields and selectivities than other primary halides (up to 92% yield and 0.6:1 ratio of cross product:symmetric dimers). The use of only a 2-fold excess of 1-bromo-3-butene was reported to diminish yields by only ∼5% (selectivity not reported), but the use of a single equivalent was reported to give only 30% yield (selectivity not reported). These results suggest that a more general differentiation of the two electrophiles would provide higher yields.
Sequential Oxidative Addition: Electronic Differentiation. Different states of a catalyst (i.e., oxidation states and associated ligands) can differentiate two unlike electrophiles through sequential oxidative additions. In order for this mechanistic model to selectively produce cross-coupled products, the two different active, low-valent catalytic species must each selectively react with one of the starting materials. Key, early electrochemical 21 and chemical studies 22 had shown that an oxidative addition−reduction−oxidative addition− reductive elimination mechanism was operative in some catalytic Ullmann dimerization reactions. Later, this type of mechanism was proposed by Amatore, Jutand, and Peŕichon to explain the cross-selective coupling of benzyl bromide (1) with phenylacetyl chloride (2) ( Figure 5) . 23 Selectivity for ketone 3 over bibenzyl (4) or diketone 5 is proposed to arise from the fast oxidative addition of BnBr (1) to Ni(0)Bpy (7) and the selective reaction of anionic complex (Bpy)Ni(0)-(Bn) − (9) with phenylacetyl chloride (2) ( Figure 5A ). 24 The anionic nickel complex may be stabilized by the ability of Bpy to accept an electron 25 and it is notable that many nickelcatalyzed XEC reactions work best with ligands that are capable of participating in valence tautomerism.
26
Related XEC methods for the coupling of alkyl iodides and benzyl chlorides with acid chlorides or anhydrides have been developed by several groups and may progress by a similar mechanism. With earlier studies by Mukaiyama 27 and Yamamoto 28 in mind, we proposed a mechanism that did not involve an intermediate reduction, but also relied upon an alkyl iodide reacting before an acid chloride ( Figure 5B ). 29 Based upon stoichiometric reactivity studies of (L)Ni(0) and (14) for the coupling of aryl anhydrides with alkyl bromides and the intermediacy of an alkyl radical in the process ( Figure 5C ).
30
Building off of these results, Reisman realized the enantioconvergent acylation of racemic secondary benzyl chlorides to form enantioenriched ketones with α-stereocenters, simultaneously demonstrating the potential for enantioselective reductive coupling and addressing a longstanding challenge in organic chemistry ( Figure 5C ). 31 Detailed selectivity data were not reported for any of these three reactions, but bialkyl and bibenzyl (4) were noted to be major byproducts by several authors. We did not observe diketone (5), but we did observe decomposition of the acid chloride and small amounts (<10%) of dialkyl ketone (6), presumably formed from decarbonylation of the acid chloride. 29 In each of the proposed mechanisms, initial oxidative addition of exclusively one electrophile to a nickel(0) complex is essential, but this selectivity is not always easy to predict. The selectivity observed by Amatore, Jutand, and Peŕichon 23 matches the reported bond strengths: Et-I < Et-Br ∼ Bn-Cl < MeC(O)Cl ∼ PhC(O)Cl < (MeCO) 2 O. 32 However, bond strength is not the only factor, especially for polar bonds, as Gong observed that benzoic anhydride reacted faster than an alkyl bromide with nickel(0). 30b It remains unclear whether a unified mechanism exists for these related reactions or if the operating mechanism is dependent upon subtle differences in substrates, ligand, solvent, and additives.
Sequential Oxidative Addition: Steric Differentiation. In cases where substrates are more closely related in reactivity than acid chlorides and alkyl halides, it is possible for steric factors to influence relative electrophile reactivity. We observed steric matching between ligand and substrate in XEC reactions of α,β-unsaturated ketones with aryl halides. The Journal of Organic Chemistry While high yields were observed in reactions of unhindered aryl halides catalyzed by the nickel complex of a sterically hindered ligand (2,9-dimethylphenanthroline), lower yields were observed with 2-substituted aryl halides and with acyclic E-enones. Switching to a less sterically demanding catalyst derived from 2,2′-bipyridine provided better selectivity and yield in both cases by minimizing enone dimerization ( Figure  6A ). Presumably, intermediate 17 is too hindered to react with 2-iodotoluene and instead reacts to form enone dimer.
An even more impressive example was disclosed by Gong ( Figure 6B ), where the cross-Wurtz coupling of two electronically similar but sterically differentiated alkyl halides proceeded in high yield with bis(pinacolato)diboron (B 2 pin 2 ) as the reducing agent. The conditions are rather general, coupling not only primary with secondary, but also hindered primary with less hindered primary alkyl halides. The authors propose that different steric requirements of the two proposed intermediates(L)Ni(I)(Bpin) (23) and (L)Ni(I)(Alkyl) (24)control selectivity. Heterolytic vs Homolytic Reactivity: Radical-Chain Process. A recent result from our own laboratories has demonstrated a new, general strategy for the coupling of two electrophiles that differentiates the substrates based upon heterolytic and homolytic reactivity trends. We had previously reported the nickel-catalyzed XEC of aryl halides with alkyl halides (Figure 7) , which can be run on large scale (>25 mmol), 13, 34 and the extension of this concept to reactions of alkyl halides with 2-chloropyridines 35 and allylic acetates. 36 In all of these examples, we reported detailed selectivity data to demonstrate that the reactions were selective for the crosscoupled products. Studies by Gong, 37 Peng, 38 and Gosmini
39
have demonstrated the generality of this approach and, in some cases, improved yields. Selectivity for cross product over symmetric dimers for the work of Gong and Peng are assumed to be similar to those reported by our laboratory because of the similar reaction conditions, but the Gosmini conditions use a cobalt catalyst and may proceed with a different mechanism and with different selectivity. Detailed mechanistic studies in our group recently revealed that selectivity arises from two points: aryl halides react with LNi(0) (26) faster than alkyl halides, but the alkyl halides form radicals more easily than aryl halides. 40 Metal-based chain reactions were first proposed by Kochi, 41 but an organic radical chain was first proposed by Hegedus.
42 Although Durandetti and Peŕichon had suggested it may play a role in XEC, there was no evidence to differentiate it from two sequential oxidative additions at a single nickel center. 43 This would result in a penultimate alkyl(aryl)Ni(IV)X 2 intermediate, followed by rapid reductive elimination of the crosscoupled product. 44 Our recent report 40 showed that the degree of rearrangement of 5-hexenyl iodide, a radical clock, depended on the concentration of nickel in the reaction mixture, consistent with a radical chain mechanism. 45 Independently, Hu reported that an isolated organonickel(II) complex reacted with an alkyl radical to form cross-coupled product. 46 The key selectivity-determining principle is that one electrophile reacts by a normal, net-two-electron oxidative addition and the other electrophile serves as a radical precursor. For this strategy to be successful, the catalyst must support both single and two-electron steps (Figure 7) , which suggests why first-row catalysts have proven so versatile in XEC reactions.
Importantly, selective reactions can be rationally designed using this mechanistic model. For example, epoxides are not reactive under standard reaction conditions because they are slow to form an alkyl radical by reaction with intermediate 29.
We were able to develop the first XEC of epoxides with aryl halides by adding a cocatalyst that would assist in the conversion of epoxide to alkyl radical. 47 Added NaI and Et 3 N· HCl converts epoxide 30 into iodohydrin 33 that nickel catalyst 29 can then convert into radical 34. This leads to normal 48 (or anti-Markovnikov) epoxide opening product 31. Added titanocene dichloride, converted in situ to Cp 2 Ti(III)- Cl, reacts with epoxide 30 to form the more substituted alkyl radical 35. 49 This leads to abnormal 48 (or Markovnikov) epoxide opening product 32 (Figure 8 ).
■ CONCLUSION AND OUTLOOK
While considerable room for improvement remains, a number of XEC reactions are primed for widespread use in academia and industry. Strengths of the methods currently reported are broad functional-group compatibility, readily available substrates, simple experimental setup, scalability (>25 mmol scale), 34b and high yields for some otherwise challenging reactions, like cross-couplings of alkyl halides. In the case of the coupling of alkyl halides with aryl halides, a general mechanism has been elucidated that allows for rational optimization and even de novo reaction design.
While advancement has been rapid, XEC is not yet as well developed as the cross-coupling of carbon nucleophiles with carbon electrophiles. Key challenges to be addressed in the near future are the expansion of the pool of electrophiles (e.g., aryl chlorides, aryl sulfonate esters, alkyl chlorides, other Michael receptors), development of ligands to further improve cross-selectivity, and the conception of new cocatalyst systems. The results of Reisman demonstrate that enantioselective or enantioconvergent reactions are possible and should constitute a major area of interest.
Finally, an improved understanding of the selectivity principles discussed here, as well as others not yet envisioned, should be an emphasis of future studies. For example, selective transmetalation 50 or reductive elimination 51 both hold promise. Currently, the radical chain mechanism has proven to be the most robust and translatable to other substrates because it is among the most understood. An improved understanding of other mechanisms would enable similarly rapid advancements.
■ AUTHOR INFORMATION
Corresponding Author *E-mail: daniel.weix@rochester.edu.
Notes
The authors declare no competing financial interest. 
